loop precludes binding of peptide substrates and protects Tyr-416 from phosphorylation. Our analysis of these structures and the buffer conditions in which they were determined leads us to conclude that the previously observed disorder in the activation loop was a result of stabilization of those crystals in high concentrations of glycerol, which slightly alters the relative orientation of the two lobes of the kinase domain. The structures described here suggest that sequestration of Tyr-416 may have an important function in maintaining the inactive state of the enzyme. We outline a model for activation of Src kinases, in which disassembly of the regulatory domains releases Tyr-416 and thereby promotes its phosphorylation. Src and Hck structures show that the SH2-pTyr 527 interaction does not directly occlude the active site, but et al., 1997) in the conformation stabilized by tail phosrather locks the regulatory domains in place on the side phorylation bear out many of the predictions of this opposite the catalytic cleft, "restrained," rather than model. The structures show that the phosphorylated tail "closed" is probably a better description. Third, the lack binds intramolecularly with the SH2 domain, and that of activity is due most directly to the position of helix C the SH3 domain interacts with the segment that links and the consequent absence of a properly configured the SH2 domain and the N lobe of the kinase (Figure 1) . catalytic site, and only indirectly to assembly of the The SH3 and SH2 domains pack against the N and C regulatory domains. Indeed, the state of Src with assemlobes, respectively, of the kinase domain, on the side bled regulatory domains may not necessarily be inopposite the catalytic cleft. Thus, inactivation of the active, provided that Tyr-416 is also phosphorylated enzyme does not involve covering of the catalytic site (Boerner et al., 1996 The covalent structure of the protein in the present determined in the presence and absence of the ATP work, including its phosphorylation state, is the same analog AMP-PNP and in two different crystal forms. In as that used in the previous studies, but several crystalliall these structures, the entire activation loop is ordered. zation and handling parameters varied. Our original It contains a helix (the "A loop helix") that packs between c-Src crystal structure (which we will call "Src-1") was the upper and lower lobes of the catalytic domain, burying Tyr-416. The ordered conformation of the activation obtained in ‫1ف‬ M sodium tartrate with no ligand in the nucleotide-binding pocket. These crystals were stabi-F c electron density maps of Src-5 crystals calculated prior to inclusion of the activation loop in the model lized for 24 hr or more in 20% glycerol for data collection under low-temperature conditions. In contrast, the AMPand also in "omit" maps. There is a reproducible lattice change in the tartrate crystal form during glycerol soak-PNP complex described here crystallized in a different lattice with polyethylene glycol (PEG 4000) as a precipiing (the "c" cell dimension decreases by ‫5ف‬ Å , and diffraction resolution improves from ‫0.3ف‬ Å to 1.5 Å ). tant, and the crystals were exposed only briefly (less than 1 min) to glycerol prior to cryogenic data collection.
Results and Discussion

Nomenclature
We conclude that stabilization of the crystals in glycerol pushes the two lobes of the kinase domain together and In order to understand which of these variables affected the conformation of the activation loop, we determined expels the activation loop. It is not clear whether glycerol has the same effect in solution; the changes in Src conthree additional structures, in both high-salt (sodium tartrate) and low-salt (PEG 4000) conditions, and in both formation may well be a consequence, rather than a cause, of the observed shrinkage in the crystal lattice. crystal lattices. A summary of the crystallization conditions and the structural analyses of Src-1, the AMP-PNP In any case, the crystal structures of Src-2, -3, -4, and -5 are likely to represent inactive c-Src in glycerol-free complex (Src-2), and the three additional forms (Src-3, -4, and -5) is presented in Table 1 . In all four recently solution, since they come from two different crystal forms obtained with two very different precipitants. We determined structures, residues 413-418 in the activation loop adopt the same helical conformation, and the refer to the conformation observed in the these structures as Src-2. Our description of the new conformation relative orientations of the N-and C-terminal lobes of the tyrosine kinase domain are essentially the same. refers to the high-resolution AMP-PNP complex (Table  1 , column 2), unless otherwise indicated. The ordered activation loop is present in both high-and low-salt conditions, with and without Mg-AMP-PNP, and in two different crystal lattices.
Comparison of Src-5 and Src-1 implicates glycerol
Domain Orientations
The overall domain organization of all five c-Src crystal soaking as a key variable. Src-5 crystals were grown in the same conditions as Src-1 but exposed to glycerol structures is basically the same (Figures 1 and 3 ), but the cleft between the two lobes of the kinase domain is for less than 1 min as opposed to greater than 24 hr ( The conformation of residues 404-411 in Src-2 requires that helix C in the small lobe shift away from its position in an active kinase. As a result, Glu-310 in helix C of Src, a conserved residue that in active protein kinases forms a critical salt bridge with the catalytic lysine (Src residue 295), projects away from the catalytic site (Figures 5a and 6) is, however, possible that the catalytic activity present in the doubly phosphorylated kinase is due, at least in part, to a shift in the equilibrium between the assembled Implications for Src Activation Src-2 shows a thoroughly inhibited molecule, in which and disassembled conformations of the molecule. That is, the "local" rearrangements induced by phosphorylaself-consistent, intramolecular interactions cooperatively promote a conformationally restrained state. The tion of Tyr-416 may destabilize the restrained structure sufficiently to induce release of the regulatory domains. SH3 and SH2 domains are turned inward; their targeting/ recognition surfaces are occupied by intramolecular inEfforts to crystallize the doubly phosphorylated form are continuing in our laboratory. teractions with the linker and tail, respectively. They stabilize the two lobes of the kinase domain in a relative How are Src kinases activated? Interaction of the SH3 and SH2 domains with binding partners effectively "unorientation that promotes the inhibitory conformation of the activation loop and that displaces helix C with a bridles" the kinase domain (Figure 7 ). Src is known to be activated by SH2-mediated interaction with the autoconsequent disruption of the active site. In this state, Tyr-416 is unavailable for phosphorylation, and the subphosphorylated PDGF receptor (Erpel and Courtneidge, 1995) , and by dual SH3/SH2 interactions with sequences strate-binding site is not formed (Figure 7) .
The mechanism by which the regulatory domains stain the focal adhesion kinase FAK (Thomas et al., 1998) and Sin (Alexandropoulos and Baltimore, 1996) . These bilize the observed conformation of the kinase is likely to involve a large number of contributing interactions.
high-affinity binding partners outcompete the low-affinity intramolecular interactions, thereby disrupting the One specific suggestion has pointed to the position of Trp-260, at the junction between linker and kinase (Sichassembled quaternary structure. Because Tyr-416 and the A loop helix are packed between the two lobes of eri et al., 1997). Its side chain rests against helix C in its inactive position in Hck and Src and shifts away in the the kinase and are stabilized by interactions with both, we expect that release of the SH3 and SH2 interactions active conformation of Lck (Yamaguchi and Hendrickson, 1996). We believe that the structure described here with the kinase domain will disorder the helix and effectively "present" Tyr-416 for phosphorylation. No direct is more consistent with a primary role for the N-terminal segment of the activation loop (residues 405-409) in structural data are available for this intermediate conformation, but it is likely to have a flexible and exposed expelling helix C. We suggest that the Trp-260 contact is one of several that link assembly of the regulatory activation loop (residues 410-423). The conformation of the N-terminal segment of the activation loop (residues apparatus with stability of a particular kinase conformation. We note, moreover, that assembly of the regulatory 404-410) and the nonproductive orientation of helix C seen in Src-1 might also apply to this intermediate state. domains may be compatible with some catalytic turnover. Doubly phosphorylated c-Src, with phosphotyroAn alternative model is that disruption of the assembly of regulatory domains will allow helix C to rotate inward, sines at both 416 and 527, has significant activity (Boerner et al., 1996; Hardwick and Sefton, 1997). One reconstituting the kinase active site. In our view, this model is less satisfactory. The electrostatic switch deplausible structural picture is that the activation loop rearranges in response to phosphorylation of 416 and scribed in the next paragraph suggests that Tyr-416 phosphorylation is likely to be a major factor in shifting that opening of the catalytic cleft and rotation of helix 
